Life cycle assessment (LCA) has been used extensively within the recent decade to 24 evaluate the environmental performance of thermal Waste-to-Energy (WtE) 25 technologies: incineration, co-combustion, pyrolysis and gasification. A critical review 26 was carried out involving 250 individual case-studies published in 136 peer-reviewed 27 journal articles within 1995 and 2013. The studies were evaluated with respect to 28 critical aspects such as: i) goal and scope definitions (e.g. functional units, system 29 boundaries, temporal and geographic scopes), ii) detailed technology parameters (e.g. 30 related to waste composition, technology, gas cleaning, energy recovery, residue 31 management, and inventory data), and iii) modeling principles (e.g. energy/mass 32 calculation principles, energy substitution, inclusion of capital goods and uncertainty 33 evaluation). Very few of the published studies provided full and transparent descriptions 34 of all these aspects, in many cases preventing an evaluation of the validity of results, 35 and limiting applicability of data and results in other contexts. The review clearly 36
Introduction 43
Energy recovery from waste is an essential part of modern waste management. Within 44 the last decades, waste management has changed from being a sector primarily focusing 45 on treatment and final disposal of residual streams from society to now being a sector 46 that contributes significantly to energy provision and secondary resource recovery. In 3 the transition towards more sustainable energy supply, energy recovery from waste is 48 gaining increasing interest as an option for reducing dependence on imported fossil 49 fuels. In a future with higher shares of intermittent energy sources such as wind and 50 photo voltaic, and phase-out of coal, energy recovery from waste may provide an 51 alternative to increased used of constrained non-fossil resources such as biomass. Although LCA as an assessment tool is fairly mature and overall assessment 72 guidelines exist outlining the main assessment principles, relatively little 73 methodological consistency exist between individual LCA studies in literature as 74 highlighted by Laurent et al. (2014a Laurent et al. ( , 2014b . Technology modeling principles, LCA 75 principles (e.g. attributional vs. consequential assessment), choices of impact 76 assessment methodologies, key WtE technology parameters (e.g. energy recovery 77 efficiencies), emission levels, and choices related to the environmental value of energy 78 substitution varies significantly between LCA studies (Laurent et al., 2014a) . Existing 79 LCA guidelines (e.g. ISO 2006a and ISO 2006b) attempt to overcome these 80 inconsistencies by providing a more standardized framework for performing and 81 reporting LCA studies. However although these guidelines are extremely valuable, the 82 concrete implementation of the provided assessment principles still allow ample room 83 for interpretation. Consequently, in some cases LCA results can be found in literature 84 indicating that anaerobic digestion is preferable (e.g. Khoo et al., 2010) while waste 85 incineration may appear optimal in other cases (e.g. Manfredi et al., 2011, Fruergaard 86 and Astrup, 2011), seemingly based on similar waste types or similar technologies. 87
Methodological challenges and inconsistencies in relation to LCA is not specific for 88 WtE technologies (Laurent et al., 2014a (Laurent et al., , 2014b ; however as WtE technologies may 89 play an increasingly important role in many countries, a detailed and systematic review 90 of assessment choices and inventory data specifically related to thermal WtE 91 technologies are needed. Reaching robust and widely accepted conclusions based on the 92 variety of results in existing LCA studies of WtE technologies requires detailed insight 93 and understanding of the specific systems modeled in the studies as well as the LCA 94 modeling principles applied in the individual studies. This substantially limits the 95 usability of LCA results for decision-makers and opens for yet other LCA case-studies 96 5 which may not provide novel insights from a research perspective. Consequently, this 97 situation may significantly limit the overall value of LCA studies for future 98 implementation of WtE technologies in society. 99
The demand for consistency and transparency within waste LCA is increasing 100 dramatically and to perform state-of-the-art LCA studies, a systematic overview of 101 modeling and assessment choices is needed. The aim of this paper is to provide such an 102 overview based on a critical review of existing LCA studies of WtE in literature, 103
focusing on thermal WtE technologies. The specific objectives are: i) to critically 104 analyze existing LCA studies involving WtE technologies with respect to key 105 assessment choices, ii) to identify the most important methodological aspects and 106 technology parameters, and iii) to provide recommendations for state-of-the-art LCA of 107 WtE technologies. 108 109 2. Methodology 110
Selection of papers for review 111
LCA of waste management technologies and systems has gained momentum within the 112 last 10-15 years and the approaches used have developed significantly in the same 113 period (Laurent et al., 2014a , 2014b , Finnveden et al., 2009 . 114
Existing literature therefore covers considerable variations with respect to focus and 115 approach. To ensure consistency, literature included in the review was selected based on 116 the following overall criteria: i) the study was published in a peer-reviewed scientific 117 journal; ii) the LCA study focused on waste management and included at least one 118 thermal WtE technology as a key part of the study; iii) an impact assessment was 119 performed and more than one impact category was included; and iv) the study was 120 reported in English. Studies published until December 2013 were included. 121 6 122
Review approach 123
The review addressed the following main aspects: i) definition of goal and scope of the 124 study, ii) description of technical parameters and life cycle inventory (LCI) data, iii) 125 methodological choices of LCA modeling. An overview of these aspects is provided in 126 Table 1 . 127
In relation to "goal and scope definition", it was assessed whether a clear and 128 comprehensive description of the study context was provided. The aim was thereby to 129 qualitatively evaluate how appropriate the LCA modeling described the system in 130 question. The description of technical parameters concerning thermal WtE processes 131 and the influence of these parameters on the results were evaluated. The waste input to 132 the WtE technology was evaluated with respect to the description of the waste type (all 133 waste types typically addressed in "waste management studies" were included: e.g. 134 households waste, mixed municipal solid waste, RDF/SRF, combustible industry waste, 135 or single fractions), waste composition (i.e. presence of individual material fractions 136 and their chemical composition) and the origin of these data. Key technology aspects of 137 the WtE processes were evaluated relative to thermal technology, energy recovery, and 138 residue management: i) plant type, ii) energy recovery and type of energy output, iii) 139 flue gas cleaning techniques (e.g. air-pollution-control: dust removal, acid gas 140 neutralization, deNO x , etc.), and iv) residue types, generation and management. Finally, 141 available quantitative data for emissions and consumption of energy/materials were 142 extracted from the reviewed studies. 143
Key methodological aspects of the reviewed studies were addressed focusing on: 144 i) the overall modeling approach and whether the study accounted for and balanced 145 mass and energy flows, ii) inclusion of capital goods, iii) energy substitution principles, 146 7 and iv) inclusion of uncertainty and/or sensitivity analysis. Finally, overall trends in 147 results between the reviewed studies were identified and discussed. 148 149
Results and discussion 150
A total of 136 journal articles were identified, including 250 individual case-studies of 151 technologies for thermal treatment of waste ( Figure 1 ). The complete list of studies is 152 provided in the supplementary material (Table S13 ). Only few studies were performed 153 prior to 2002, no studies before 1995 was found. Throughout the following sections, 154 comparability between studies is discussed and understood as the possibility for the 155 reader to appreciate the LCA results based on transparent reporting of assumptions, 156 assessment methodology, technical parameters, etc. 157 158
Goal and scope definition 159
Goal and scope definition includes specification of the aim of the study, its functional 160 unit (FU, quantitatively and qualitatively describing the service provided by the 161 assessed system), and the corresponding system boundaries. Goal and scope definitions 162 are fundamental for the interpretation of results and thereby for the outcome of LCA 163 studies (Laurent et al., 2014b , Finnveden et al., 2009 , ISO 2006a , ISO 2006b ). Most of 164 the reviewed case-studies applied an FU defined with respect to the waste input, e.g. as 165 a unit mass of waste received at the WtE facility (58 % of the case-studies). This FU 166
indicates an assessment perspective related to "waste management" or "treatment of X 167 The waste input to the WtE facility is the starting point of the energy recovery 180 process and is therefore essential for the LCA study (Laurent et al., 2014a (Laurent et al., , 2014b . For those studies actually including waste composition data, the traceability of 220 the included data was limited. Of the studies including composition data, 18 % did not 221 report the origin of the data for material fractions, and 40 % did not specify the origin of 222 data for chemical composition (i.e. providing a clear reference to publications providing 223 the information). Omitting waste composition data in relation to LCA of WtE 224 technologies significantly reduces the transparency of the study, but also render the 225 results questionable as i) it may be unclear to which extent the study addresses 226 contaminants in the waste, and ii) essentially prevent reproducibility of the study. 227 228
Thermal technologies 229
Mass-burn incineration based on moving grate systems was the most frequently 230 assessed technology. About 82 % of the case-studies focused on incineration; about half 231 of these specified that the technology involved a moving grate ( Figure 4 ). Significantly 232 less attention has been placed on other WtE technologies such as pyrolysis, gasification, 233 co-combustion in power plants and in cement-kilns. For a more balanced understanding 234 of the environmental performance of WtE technologies, this clearly suggests that more 235 studies are needed focusing on other technologies than incineration. 236
Generally, air-pollution-control (APC) systems were very poorly described. 237 Figure 5 illustrates that more than 50 % of the case-studies did not describe the specific 238 technology applied. This essentially prevents verification of the inventories (if 239 provided) for emissions and material/energy consumption, thereby preventing the 240 applicability of the studies to be evaluated. Omitting information about gas cleaning 241 also significantly reduces transparency with respect to geographical and temporal scope, 242
i.e. whether the technology is typical for the region and time period assessed. Only a 243 few case-studies clearly specified that individual gas cleaning units were not present, An overview of the reported recovery efficiencies is provided in Table 2,  261 including average values calculated for individual technologies. The numerical 262 variations are considerable, most likely as a result of geographical and temporal 263 differences between studies. For those studies reporting the temporal scope of the LCA 264 (i.e. 43 %), the recovery efficiencies were plotted against the temporal scope of the 265 study (see Figure S2 in the supplementary material). No clear trends for temporal 266 developments could be identified; however, large variations could be observed within 267 similar temporal scopes, suggesting that other factors had a larger influence on the 268 energy recovery efficiencies than temporal scope of the study. 269 
Residue management 285
Residue management was included only in about half of the case-studies (see Figure S3 , 286 supporting material). About 34 % did not specify whether or how residues were 287 included in the modeling. Only in 11 % of the cases, the studies specified that residue 288 management was intentionally excluded. In these cases, the justification was generally 289 that residue management was not a "significant issue" overall; however, without 290 providing evidence or support for the statement. 291
Of the studies providing information about residue management, the fate of the 292 residues was generally poorly described (see Figure 7 ). Regarding APC residues 293 (considered a combination of neutralization products and fly ashes unless otherwise 294 13 specified) and sludge from treatment of wastewater, more than 60 % of the case-studies 295 did not specify the management. Bottom and fly ashes were somewhat better addressed 296 with, respectively, around 42 % and 55 % of the studies specifying the management of 297 these ashes, respectively. In both cases, landfilling was the most commonly used option, 298 rather than recovery and material utilization. While the reviewed studies focusing on 299 WtE technologies may cover residue management only to a limited extent, a few studies 300 in literature provide dedicated LCA modeling of the management of APC residues (e.g. 301 Besides completeness, the origin and quality of the inventory data may be of 311 significant importance. For about 32 % of the case-studies, no information concerning 312 the origin of inventory data was provided. About 20 % and 6 % of the studies applied 313 data from literature and databases, respectively (see Figure S4 , supplementary material). 314
In only about 34 % of the case-studies, actual emission data originating from specific 315 measurements related to the assessed system was included; the data mainly originated 316 from full-scale facilities (i.e. 30 %). 317
For most parameters, extremely large variations (up to >10 orders of magnitude 318 in some cases) could be observed across the reviewed studies (see Table S10 , 319 14 supplementary material). These large variations were especially pronounced for 320 emissions of trace compounds to air (e.g. PCDD/F, Hg, Cd, and As), but also for in-321 plant consumption of electricity and auxiliary fuels. These discrepancies in inventory 322 data can only partly be explained by technological differences and variations in 323 geographical and temporal scope of the studies. was therefore not possible to single out one WtE technology over another. However, 431 some overall trends could be observed (see Table S12 , supplementary materials). In cases where specific technology elements (e.g. air-pollution-control systems) were in 490 21 fact included, or appeared to be included, the underlying data were often very poorly 491 described. 492
In addition to the scope and technology aspects, also the description of the LCA 493 modeling approaches was often weak. This means that the validity of calculation 494 principles could not be assessed and ultimately reproduced. With energy recovery 495 modeling as an example, only 39 % of the studies provided both the LHV of the waste 496 input and heat and electricity efficiencies, thereby allowing the reader to reproduce 497 calculations. In all other cases, the validity of the energy calculations could not be fully 498
examined. 499
While the LCA field has developed tremendously over the recent two decades 500 and an acceptance of the complexities related to waste LCA modeling is increasing, this 501 review clearly suggests that the quality of the peer-review process involved in scientific 502 publishing of WtE LCA studies may be questionable. 503 
